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Subthreshold depression (StD) is a highly prevalent condition associated with increased service utili-
zation and social morbidity. Nevertheless, due to limitations in current diagnostic systems that set the
boundary for major depressive disorder (MDD), very few brain imaging studies on the neurobiology of
StD have been carried out, and its underlying neurobiological mechanism remains unclear. In recent
years, accumulating evidence suggests that the disruption of the default mode network (DMN), a
network involved in self-referential processing, affective cognition, and emotion regulation, is involved
in major depressive disorder. Using independent component analysis, we investigated resting-state
default mode network (DMN) functional connectivity (FC) changes in two cohorts of StD patients with
different age ranges (young and middle-aged, n ¼ 57) as well as matched controls (n ¼ 79). We found
signiﬁcant FC increase between the DMN and ventral striatum (key region in the reward network), in
both cohorts of StD patients in comparison with controls. In addition, we also found the FC between the
DMN and ventral striatum was positively and signiﬁcantly associated with scores on the Center for
Epidemiologic Studies Depression Scale (CES-D), a measurement of depressive symptomatology. We
speculate that this enhanced FC between the DMN and the ventral striatum may reﬂect a self-
compensation to ameliorate the lowered reward function.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Subthreshold depression (StD) refers to clinically relevant
depressive symptoms without meeting the criteria for full-blown
major depressive disorder (MDD) (Rodriguez et al., 2012). Previ-
ous studies have suggested that StD is a highly prevalent condition
(Horwath et al., 1992) associated with increased service utilization
and social morbidity. Thus, although the symptoms of StD are lessxibustion and Tuina, Beijing
ijing, 100029, China.
Massachusetts General Hos-
9, USA.
r.mgh.harvard.edu (J. Kong).
Ltd. This is an open access article usevere than symptoms of major depressive disorder (MDD), they
may be associated with a greater service burden and impairment
compared with MDD or dysthymia on a population basis (Johnson
et al., 1992). In addition, studies also suggested that StD is an
important risk factor for MDD (de Graaf et al., 2010; Horwath et al.,
1992; Wesselhoeft et al., 2013). Individuals with StD have an odds
ratio of more than 5 for having a ﬁrst lifetime episode of MDD
(Fogel et al., 2006).
Despite its high prevalence and signiﬁcant social and economic
impacts, the neurobiology of StD remains unclear. This is mainly
due to a limitation of the current diagnostic systems that set the
boundary for the disorder based on the presence of a certain
number of symptoms. As a result, individuals that fall below the
threshold are not recognized in primary care settings or communitynder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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netic) studies (Rodriguez et al., 2012). Intensive investigation of the
neuropathology of StD is important because it will not only provide
crucial information on brain response during the initial
medication-free stage of the depressive symptom onset, but it will
also help us elucidate a dynamic course of MDD brain function/
connectivity changes, which is crucial for developing tailored
treatments for patients at different stages of the disorder.
In the last few decades, with the aid of powerful brain imaging
tools, our understanding of MDD has been signiﬁcantly enhanced.
We now know that MDD is associated with structural and func-
tional abnormalities in brain circuits involved in emotional pro-
cessing, self-representation, reward, and external stimulus (stress,
distress) interactions (Davidson et al., 2002; Hasler and Northoff,
2011; Northoff et al., 2011; Pizzagalli, 2011). These brain regions
include the ventromedial prefrontal cortex, dorsal medial pre-
frontal cortex, anterior cingulate cortex, hippocampus, and amyg-
dala. Interestingly, most of these brain regions also fall within the
default mode network (DMN) (Andrews-Hanna et al., 2010;
Buckner et al., 2008), a network believed to be involved in self-
referential processing, affective cognition, and emotion regulation
(Berman et al., 2011; Buckner et al., 2009; Connolly et al., 2013;
Etkin et al., 2011; Nejad et al., 2013).
Previous studies (Bluhm et al., 2009; Greicius et al., 2007;
Hamilton et al., 2013; Ho et al., 2014; Li et al., 2013; Liston et al.,
2014; Posner et al., 2013; Wang et al., 2012; Wu et al., 2013; Zhu
et al., 2012) have found disrupted DMN functional connectivity
(FC) in MDD patients, and these changes are associated with psy-
chiatric measurements such as rumination score in MDD patients.
Yet one question that remains unanswered is whether DMN FC
changes can be observed in StD patients. The answer to this ques-
tion will provide us with a complete picture of the association
between FC changes in the brain and clinical depressive symptoms,
further enhance our understanding of the development of
depression, and provide a biological basis for diagnosis of
depression.
A core characteristic of depressed patients is anhedonia, the loss
of interest in pleasurable activities, and limitations in multiple di-
mensions of well-being (Bogdan et al., 2013; Hasler and Northoff,
2011; Naranjo et al., 2001; Russo and Nestler, 2013). Previous
studies (Rodriguez et al., 2012) also suggested that the most com-
mon symptoms of StD patients are depressed mood and loss of
interest. Thus, the reward system (Naranjo et al., 2001; Pizzagalli
et al., 2009) may play an important role in the pathophysiology of
StD.
One challenge in performing brain imaging studies of depres-
sion is considerable variation in the nature of the ﬁndings across
studies (Leibenluft and Pine, 2013). Clearer conclusions might
emerge more rapidly if two separate cohorts of patients can be
investigated and compared in the same experiment. Thus, in this
study, we investigated DMN FC changes in two separate cohorts of
StD subjects (young and middle age) and corresponding healthy
controls. We hypothesize that there is a dysfunction of MDD FC
with a key region in reward network, the ventral striatum in StD
subjects. We believe that the two cohorts of StD subjects (young
andmiddle age) will show similar DMN FC differences as compared
to healthy controls.
2. Method
We brieﬂy describe the experimental procedures below. Please
also see a previously published study for more details on the
experimental procedure (Hwang et al., 2015). The data has been
used in a previous study to investigate the functional connectivity
of bilateral dorsal lateral prefrontal cortex changes betweenindividuals with StD and healthy control. In this study, we used ICA
to investigate the DMN FC difference between individuals with StD
and controls. These results have not been reported before.
Participants
We screened 981 subjects from three universities (young
cohort) and 383 subjects from twelve Beijing residence community
centers (middle aged cohort) through advertisements and ﬂyers.
All participants received a health lecture from investigators fol-
lowed by a survey using the Center for Epidemiologic Studies
depression scale (CES-D, Chinese version) (Radloff, 1977). The sur-
veys were evaluated by a trained clinician. Potentially depressed
participants were further assessed by a licensed psychiatrist using a
17-item Hamilton rating of depression scale (HAMD) to conﬁrm
study qualiﬁcations.
Inclusion criteria for StD participants included: (1) age between
18 and 60 years; (2) CES-D score  16; (3) 17-item HAMD score
between 7 and 17. Exclusion criteria included: (1) abnormal or
impaired judgment abilities (Wechsler Adult Intelligence Scale
(WAIS) score  90); (2) diagnosis of severe depression based on
ICD-10 (ﬁrst-episode; (3) prior use of psychiatric medications; (4)
any suicidal tendencies posing immediate threat to the subject's
life; (5) history of addictive disorders such as substance abuse and
dependence and alcoholism; and (5) any fMRI exclusion criteria
including any major medical, neurological or psychological disor-
ders, pregnancy or intent to become pregnant, and history of head
trauma.
Healthy control (HC) participants were recruited from the same
sources as StD participants based on the age and gender status of
selected StD participants. All HC participants have a CES-D score of
less than 16, and satisﬁed the same exclusion criteria as StD par-
ticipants. All participants were given a description of the study and
provided with written informed consent forms. All subjects signed
the consent forms before the fMRI scans. The study was approved
by the Committee on the Use of Human Subjects in Research at
Beijing University of Chinese Medicine.
MRI data acquisition
Images were acquired on a 3-axis gradient head coil in a 3-T
Siemens MRI system equipped for echo planar imaging (EPI) at
the Research Institute of the State Key Laboratory of Cognitive
Neuroscience and Learning at Beijing Normal University. T1-
weighted sagittal localizing (T1) structures sequence was fol-
lowed by an 8-min resting state scan. The T1 scanning parameters
included TR of 2000 ms, echo time of 3.39 ms, ﬂip angle of 70,
slices thickness of 1.33 mm and a ﬁeld of view of 256 mm2. For the
resting state, the scan acquisition included 32 slices with a thick-
ness of 4.8 mm, a TR of 2000 ms, a TE of 30 ms, ﬂip angle of 90,
ﬁeld of view of 240 mm2 and a 3  3 mm in-plane spatial resolu-
tion. During Resting-State (RS) fMRI data acquisition, participants
were instructed to remain still with their eyes closed and let their
minds wander freely. After every scan, we asked the subjects
whether they had fallen asleep during the scan and we received no
positive responses.
Independent component analysis for resting state fMRI data
We analyzed the resting-state data of StD patients and healthy
control subjects using Independent Component Analysis in the
FMRIB Software Library (FSL) (Smith et al., 2004), following similar
processing steps as those described in previous studies (Biswal
et al., 2010; Fang et al., 2015; Kong et al., 2013). We ﬁrst applied a
band pass ﬁlter between 0.01 and 0.1 Hz to the functional time
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stripped using the Brain Extraction Tool (BET).
We then registered the data to its respective skull stripped
anatomical volume, and further registered the data to the MNI152
template using linear afﬁne transformations with 12 degrees of
freedom, and applied smoothing (full width at half-
maximum ¼ 5 mm). After that, we concatenated the functional
data into 4D data and performed a probabilistic independent
component analysis using MELODIC (Multivariate Exploratory
Linear Optimized Decomposition into Independent Components)
(Beckmann and Smith, 2004) on the data set to identify 20 resting
state networks. The negative loading on ICs was ignored in our
study. We used an algorithm (fslcc in the fsl program) to search for
similarities between our group-level networks and the template
networks derived from 1414 healthy subjects to identify the DMN
(Biswal et al., 2010).
To perform group-level analyses of the association between StD
patients and healthy control subjects and resting-state networks
derived from ICA, we used a dual-regression technique (Biswal
et al., 2010). We used DMN as spatial regressors in a general
linear model (GLM) to extract temporal dynamics associated with
each spatial map. The resulting time courses (averages across
voxels) served as temporal regressors in a GLM to generate subject-
speciﬁc maps of the whole brain for each subject.
Finally, group analyses were performed using whole-brain
subject-speciﬁc network maps from the second GLM. The results
represent the strength of FC for each voxel with the DMN.
To explore the main difference between healthy and StD pa-
tients, we combined the young and middle age cohorts and per-
formed a two-sample t-test to compare the DMN FC of healthy and
StD subjects, including age as a non-interest covariate. To further
explore the difference between healthy and StD patients between
different age ranges (young or middle age), we performed a two-
sample t-test comparing the FC of healthy and StD subjects in the
young and middle age groups separately, including age and gender
as non-interest covariates.
To explore the association between psychiatric measurements
and FC changes, we performed regression analyses using the DMN
FC of all participants and the CES-D scores (total CES-D score; and
four factors of CES-D, i.e. depressive affect (DA), positive affect (PA),
somatic affect (SA) and interpersonal affect (IA)) (Wang et al., 2013),
including age as a non-interest covariate. In addition, we also per-
formed regression analyses using the network connectivity maps of
the StD group and the HAMD clinical scores, including age as a non-
interest covariate.
We performed all resting state analyses with a voxel-wise
cluster forming threshold of Z > 2.3 and a cluster signiﬁcance
threshold of P < 0.05 using “easythresh” tool in FSL. In addition, we
conservatively omitted small signiﬁcant clusters of less than 30
voxels.
3. Results
Of the 981 young subjects and 383 middle aged subjects we
screened, 57 subjects ﬁt the criteria for StD. We also recruited 80
healthy controls from same population of StD subjects. All 137
subjects participated in the fMRI scan. The fMRI data from one
healthy control was discarded due to excessive head motion during
image acquisition, resulting in a total of 136 participants (79
healthy controls, 57 StD subjects) for the reported analyses.
The demographics of the two groups of participants are shown
in Table 1. StD patients and healthy controls groups did not
signiﬁcantly differ in terms of age, gender, or years of education.
CES-D scores did not differ between the young and middle age
groups. However, StD groups had signiﬁcantly higher CES-D scorescompared to healthy controls. Middle age StD groups had non-
signiﬁcantly higher CES-D scores compared to the young StD
group (p ¼ 0.08), but there is a signiﬁcant difference on the HAMD
between the two StD groups (p < 0.0001). There was also a sig-
niﬁcant positive correlation between CES-D and HAMD scores
across all groups (p < 0.0001, r ¼ 0.47).
fMRI results
The DMN derived from independent component analysis in-
cludes all subjects (patients and healthy controls) and is shown in
Fig. 1.
Comparison between healthy controls and StD patients
Two sample t-tests indicated that therewere signiﬁcant DMN FC
differences between healthy control and StD patient groups
(Table 2, Fig. 2A). StD subjects showed increased FC between the
DMN and the bilateral middle frontal gyrus, ventral striatum/
caudate, thalamus, left superior frontal gyrus, precentral gyrus,
parahippocampus, superior occipital gyrus, insula, lentiform nu-
cleus, cerebellum, right inferior frontal gyrus, superior temporal
gyrus, postcentral gyrus, inferior parietal lobule cuneus, and mid-
dle/superior occipital gyrus. Control subjects showed increased FC
in the right superior and middle frontal gyrus, and the medial
frontal gyrus.
In young StD subjects, increased DMN FC was observed in the
bilateral caudate and thalamus, middle frontal gyrus, precentral
gyrus, left superior frontal gyrus, superior temporal gyrus, cuneus,
supramarginal gyrus, parahippocampus, insula, ligual gyrus, lenti-
form nucleus, claustrum, right inferior frontal gyrus, pre/post-
central gyrus, post cingulate cortex, and inferior parietal lobule. In
contrast, young healthy control subjects showed increased FC in the
left superior/middle frontal gyrus, inferior temporal gyrus, left
uncus, and right dorsal lateral prefrontal gyrus (Table 3 and Fig. 2B
and C).
In middle-aged StD subjects, signiﬁcant DMN FC increases were
observed in the bilateral ventral striatum/caudate, ventral tegment
area/red nucleus/periagueduct gray, right inferior/middle temporal
gyrus, middle frontal gyrus, precentral gyrus, and cuneus. Middle-
aged healthy control subjects showed increased DMN FC in the
bilateral medial/superior frontal gyrus, middle frontal gyrus, left
inferior frontal gyrus, caudate, superior parietal lobule, right dorsal
anterior cingulate cortex, lingual gyrus, and thalamus (Table 3,
Fig. 2B and C).
Further comparison between the two StD groups (young and
middle age) found that young StD subjects showed signiﬁcant DMN
FC increases in the bilateral middle cingulate gyrus, left superior
temporal gyrus, right middle frontal gyrus, post cingulated gyrus,
precuneus, cuneus, and cerebellum. The middle-aged StD subjects
showed increased DMN FC in the bilateral anterior medial frontal
gyrus, inferior/middle frontal gyrus, insula, and superior temporal
gyrus (Table 4).
Association between CES-D/HAMD and DMN FC
A regression analysis between CES-D and DMN FC in all subjects
showed a positive association between CES-D scores and FC be-
tween the DMN and bilateral precentral gyrus, ventral striatum,
thalamus, and cerebellum; left parahippocampus, inferior/middle
frontal gyrus, and superior occipital gyrus; right postcentral gyrus,
precuneus, inferior parietnal lobule, and precentral lobule. A
negative association was observed in the bilateral uncus, left pre-
cuneus, parahippocampus, superior parietal lobule, and right
middle/superior frontal gyrus (Table 5 and Fig. 3A).
Table 1
The demographic variables of the subjects with subthreshold depression (StD) and demographically matched healthy comparison subjects. CES-D, Center for Demonological
Studies Depression Scale; HAMD, Hamilton rating of depression scale; N/A, Non-applicable.
Items Healthy group StD group P value
All N(male) 79(25) 57(15) 0.570
Age(y) (mean ± SD) 29.52 ± 14.32 32.25 ± 15.62 0.294
Education (y) (mean ± SD) 14.82 ± 3.80 15.35 ± 3.00 0.367
CES-D (mean ± SD) 6.08 ± 4.44 25.72 ± 6.02 <0.001
HAMD(17items) (mean ± SD) N/A 10.65 ± 2.69 e
Young-age N(male) 54(20) 34(12) 0.527
Age(y) (mean ± SD) 20.65 ± 1.90 20.29 ± 1.40 0.320
Education(y) (mean ± SD) 15.98 ± 2.94 16.32 ± 2.40 0.553
CES-D (mean ± SD) 6.85 ± 4.61 24.56 ± 6.66 <0.001
HAMD(17items) N/A 9.56 ± 2.02 e
Middle-age N(male) 25(5) 23(3) 0.400
Age(y) (mean ± SD) 49.20 ± 10.25 49.91 ± 8.44 0.795
Education(y) (mean ± SD) 12.32 ± 4.27 13.91 ± 3.27 0.156
CES-D (mean ± SD) 4.40 ± 3.58 27.43 ± 4.55 <0.001
HAMD(17items) (mean ± SD) N/A 12.04 ± 2.84 e
Fig. 1. Default-mode Network identiﬁed by Independent Component Analysis includes all subjects (patients and healthy controls).
Table 2
Brain regions showed signiﬁcant default mode network functional connectivity differences between all StD patients (young and middle age) and healthy controls. R, right; L,
left; HC, Healthy Control; StD, Subthreshold Depression.
Region Coordinates (x,y,z) Peak z-Score Cluster size
HC > StD R superior/middle frontal gyrus 32,28,48 4.17 346
R medial orbito-frontal gyrus 4,60,24 3.72 74
StD > HC L superior/middle frontal gyrus 20,64,2 3.14 55
R middle/inferior frontal gyrus 50,18,24 3.2 111
R inferior frontal gyrus 62,18,12 3,74 42
L precentral gyrus 36,4,62 4.62 100
R superior temporal gyrus 50,6,18 3.42 64
R inferior parietal lobule/postcentral gyrus 38,30,36 3.98 175
R postcentral gyrus/paracentral lobule 26,34,50 3.28 46
R cuneus, superior occipital gyrus 36,80,34 3.02 32
R cuneus/middle occipital gyrus 22,92,34 3.56 105
bilateral ventral striatum/caudate, thalamus 6,6,2 5.07 789
L ventral tegment area 6,26,6 3.29 128
L parahippocampus 20,28,6 3.38
L insula 42,18,18 3.21 44
L lentiform nucleus 20,8,16 3.08 44
L cerebellum 10,72,50 4.04 493
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and DMN FC showed a positive association between CES-D scores
and DMN FC at the bilateral medial frontal gyrus, left cuneus and
inferior gyrus, and right claustrum. Negative association was
observed in the left inferior frontal gyrus, postcentral gyrus, inferiorparietal lobule, superior temporal gyrus, parahippocampus and
inferior frontal gyrus, right middle frontal gyrus, and dorsal ante-
rior cingulated gyrus (Table 5).
A regression analysis between HAMD scores and DMN FC
showed a positive association between the HAMD scores and the
Fig. 2. Brain regions showed signiﬁcant functional connectivity differences with the DMN (StD > HC) between StD patients and healthy controls; (A) indicates results from all-
subjects; bar indicates the peak and averaged Z values of StD and HC groups; (B) and (C) indicate overlapping brain region from young age (red) and middle age (blue) sepa-
rately. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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left inferior frontal gyrus, precuneus, and pregenual/subgenual
anterior cingulate cortex; right inferior frontal gyrus, middle tem-
poral gyrus, precuneus, superior parietal lobule, and cerebellum.
The negative association was observed in the bilateral superior/
middle frontal gyrus, ventral medial prefrontal gyrus, postcentral
gyrus, bilateral precuneus, paracentral lobule, right superior tem-
poral gyrus, precentral gyrus, parahippocampus, and inferior pa-
rietal lobule (Table 5).
Finally, the exploratory analysis of the four factors of CES-D, i.e.,
depressive affect, positive affect, somatic affect, and interpersonal
affect as well as the anhedonia related items (question 8 and 10)
showed that three factors: depressive, positive and somatic affect
scores, as well as anhedonia measurement, showed signiﬁcant
positive association with DMN ventral striatum FC across all par-
ticipants (Fig. 3B).
4. Discussion
In this study, we recruited two cohorts of StD patients and
matched controls to investigate DMN FC changes in StD patients.
We found signiﬁcantly increased resting state FC between the DMN
and the ventral striatum, a key region in the reward network in
both young and middle aged cohorts of StD patients. This FC be-
tween the DMN and the ventral striatum is also positively associ-
ated with the CES-D scores of StD patients. In addition, we also
found positive associations of FC between the DMN and pregenual/
subgenual ACC with HAMD score in StD patients, which demon-
strated enhanced DMN FC in StD patients.
Interestingly, we found remarkable DMN FC increases in both
cohorts of StD patients as compared with matched controls. This
result is consistent with results from a recent meta-analysis, in
which the authors found that MDD patients are associated withincreased resting state functional connectivity within the DMN
network, as well as between the frontoparietal network and DMN
(Kaiser et al., 2015). Previous studies suggested that the DMN is
associated with the self-referential system, affective cognition, and
emotion regulation (Berman et al., 2011; Connolly et al., 2013;
Nejad et al., 2013). We speculate this increased FC may reﬂect
depressive bias toward the internal thoughts.
Previous studies (Berridge and Robinson, 2003; Bogdan et al.,
2013; Richard et al., 2013) suggest that reward is a complicated
construct, and there are many different types of reward. A
complicated brain network, including the ventral striatum,
tegmental area (VTA), caudate, putamen, thalamus, orbitofrontal
cortex, anterior insula, anterior cingulate cortex and posterior
cingulate cortex, inferior parietal lobule, and prefrontal cortex is
involved in the reward process (Haber and Knutson, 2010; Liu et al.,
2011). Based on self-stimulation, pharmacological, physiological,
and behavioral studies, the ventral striatum and the ventral
tegmental areas are at the center of the reward network (Haber and
Knutson, 2010).
In our study, the most consistent ﬁnding across two cohorts of
StD patients is increased FC between the DMN and ventral striatum,
and dorsal lateral prefrontal cortex. In addition, we also found
signiﬁcant FC increases between the DMN and VTA in the middle-
aged cohort. At a less conservative threshold (voxel wise z > 1.96,
p < 0.05 at cluster level), an increased FC between the DMN and
VTA is also observed in the young cohort. Most importantly,
increased FC between the DMN and the ventral striatum is also
positively associated with CES-D scores. Both the ventral striatum
and VTA are key regions in the reward network (Haber and
Knutson, 2010). Our results demonstrated an enhanced FC be-
tween the DMN and the VS in StD subjects. StD patients are char-
acterized by anhedonia and limitations in multiple dimensions of
well-being (Rodriguez et al., 2012). We speculate that this
Table 3
Brain regions showed signiﬁcant default mode network functional connectivity difference between StD patients and controls in young-age andmiddle-age group separately. R,
right; L, left; HC, Healthy Control; StD, Subthreshold Depression.
Contrasts Regions Coordinates (x,y,z) Peak z-Score Cluster size
HC > StD (Young-age) L superior/middle frontal gyrus 36,52,26 3.23 40
R dorsal lateral prefrontal gyrus 32,28,46 2.97 33
L inferior temporal gyrus 32,4,38 3.85 190
L uncus 32,16,36 3.3 51
StD > HC (Young-age) R inferior frontal gyrus 62,20,12 4.69 231
R inferior frontal gyrus 48,34,12 3.52 60
L superior/middle frontal gyrus 18,64,2 3.49 152
L middle frontal gyrus, precentral gyrus 34,20,30 3.75 250
R precentral gyrus, middle frontal gyrus 38,6,66 3.56 139
L precentral gyrus 36,6,64 4.07 87
R postcentral gyrus, inferior parietal lobule 50,28,32 4.18 275
L supramarginal gyrus/superior temporal gyrus 58,58,36 3.16 41
L cuneus, lingual gyrus 6,86,10 3.45 68
R post cingulate cortex 8,58,8 3.86 103
L thalamus 22,26,2 3.39 111
bilateral ventral striatum/caudate, thalamus 20,24,4 4.29 1134
R ventral striatum/caudate 18,16,18 3.07 35
L parahippocampus 18,2,24 3.17 34
L insula 46,20,10 2.97 69
L lentiform nucleus 22,8,18 3.56 58
L lentiform nucleus, claustrum 30,4,2 2.97 55
HC > StD (Middle-age) bilateral medial/superior frontal gyrus 2,58,14 5.19 590
R superior/medial frontal gyrus 14,16,62 3.6 60
StD > HC (Middle-age) L inferior frontal gyrus 40,18,20 3.07 34
R posterior MPFC/dorsal ACC 10,46,22 3.75 157
R dorsal anterior cingulate cortex 8,24,34 3.05 42
R middle frontal gyrus 34,22,54 4.24 558
L middle frontal gyrus 32,28,32 3.97 107
L superior parietal lobule 12,66,62 3.26 40
R thalamus 22,12,12 3.13 38
L caudate 16,4,14 3.89 188
R lingual gyrus 8,74,2 3.53 111
R middle frontal gyrus, precentral gyrus 44,2,44 3.82 221
R inferior/middle temporal/occipital gyrus 62,60,4 3.66 97
R cuneus 12,86,42 3.99 435
R ventral striatum/caudate 6,8,0 3.57 112
bilateral VTA/red nucleus/PAG 6,28,4 3.87 112
R middle frontal gyrus, precentral gyrus 44,2,44 3.82 221
Table 4
Brain regions showed signiﬁcant default mode network functional connectivity difference between young-age and middle-age StD subjects. R, right; L, left; StD, Subthreshold
Depression.
Region Coordinates (x,y,z) Peak z-Score Cluster size
Young > Middle age R middle frontal gyrus 46,18,30 2.89 156
L superior temporal gyrus 36,10,30 3.54 127
Bilateral middle cingulate cortex 14,6,26 3.83 433
R post cingulate gyrus 4,50,18 2.79 61
R precuneus/cuneus 12,78,40 3.86 209
R cerebellum 16,36,20 3.83 275
Middle > Young age L anterior medial frontal gyrus 4,70,8 3.89 376
L fusiform gyrus 48,60,22 3.38 70
L inferior/middle frontal gyrus 54,16,32 3.46 55
L insula 46,0,6 3.13 54
L superior temporal gyrus 42,10,56 3.15 33
J.W. Hwang et al. / Journal of Psychiatric Research 76 (2016) 111e120116increased FC between the DMN and the ventral striatum may
reﬂect a compensation to ameliorate the disrupted reward function
observed in StD patients.
Our results are indirectly supported by previous studies (Epstein
et al., 2006; Keedwell et al., 2005; Kumar et al., 2008), which found
reward dysfunction in depression patients. In a previous study,
Pizzagalli and colleagues (Pizzagalli et al., 2009) found that MDD
patients showed signiﬁcantly weaker responses to gains in the left
nucleus accumbens and the caudate bilaterally. Furman and col-
leagues (Furman et al., 2011) found that depressed participants
exhibited attenuated functional connectivity between the ventralstriatum and the ventromedial prefrontal cortex and subgenual
anterior cingulate cortex. Vrieze and colleagues (Vrieze et al., 2013)
found that compared to controls, MDD patients showed reduced
reward learning. Patients with high anhedonia showed diminished
reward learning compared to patients with low anhedonia. Taken
together, these studies may imply a weakened reward system in
depression patients. We speculate that our ﬁndings of enhanced FC
between the DMN and ventral striatum may reﬂect a self-
compensation to the lowered reward function.
In a previous study, Bluhm and colleagues (Bluhm et al., 2009)
investigated resting-state DMN in the early stages of treatment-
Table 5
Signiﬁcant clusters of default mode network (DMN) functional connectivity associated with CES-D scores (across all participants and all StD patients separately)/HAMD scores
(across all StD patients) respectively. R, right; L, left; HC, Healthy Control; StD, Subthreshold Depression.
Region Coordinates (x,y,z) Peak z-score Cluster size
Positive association with CES-D in all subjects R inferior frontal gyrus 62,18,14 3.17 143
L precentral gyrus 36,6,62 4.48 105
R middle frontal gyrus, precentral gyrus 36,2,60 3.13 104
R postcentral gyrus, inferior parietal lobule 36,30,36 4.5 142
R paracentral lobule, postcentral gyrus 26,34,50 3.31 55
R precuneus, superior occipital gyrus 42,76,40 3.08 30
R cuneus 16,90,40 3.91 228
L parahippocampus,thalamus 22,30,6 3.29 38
bilateral ventral striatum/caudate, thalamus 8,8,4 5.36 659
bilateral cerebellum 6,72,42 3.65 315
Negative association With CES-D in all subjects R middle/superior frontal gyrus 32,28,46 3.98 286
L precuneus, superior parietal lobule 4,58,68 4.02 211
L parahippocampus, uncus 24,10,32 3.21 155
R uncus 24,8,42 3.4 32
Positive association with CES-D in all StD subjects Bilateral medial frontal gyrus 6,66,16 3.09 53
R claustrum 34,8,10 3.01 32
L cuneus 2,94,20 3.19 61
L inferior frontal gyrus 30,26,24 3.17 58
Negative association With CES-D in all StD subjects R middle frontal gyrus 28,60,12 3.14 42
R culmen 24,32,30 3.17 35
R dorsal anterior cingulated gyrus 0,30,8 3.45 55
L inferior frontal gyrus 54,14,16 3.34 48
L postcentral gyrus, inferior parietal lobule 46,16,26 3.59 440
L superior temporal gyrus 26,12,44 3.99 111
L parahippocampus 36,34,10 3.17 32
L inferior frontal gyrus 26,24,28 3.72 37
Positive association with HAMD in StD subjects L inferior frontal gyrus 26,24,28 3.72 37
Bilateral mid-cingulate cortex/posterior-medial prefrontal cortex 6,6,40 2.92 38
L pregenual/subgenual anterior cingulate- cortex 10,36,6 3.35 39
R superior parietal lobule/precuneus 22,48,62 2.95 65
L precuneus 32,80,46 3.15 43
R middle temporal gyrus 62,0,28 3.42 84
R cerebellum 36,52,36 3.36 39
Negative association with HAMD in StD subjects L superior/middle frontal gyrus 32,56,2 3.1 64
R middle frontal gyrus, precentral gyrus 44,20,30 2,87 53
bilateral ventral medial prefrontal gyrus 2,38,20 3.03 37
L postcentral gyrus 40,26,54 3.63 319
R inferior parietal lobule/postcentral- gyrus 68,32,36 3.92 76
R superior temporal gyrus 56,52,12 3.09 76
bilateral precuneus 4,54,72 4.66 278
R lingual gyrus 24,64,2 3.4 104
bilateral paracentral lobule 2,30,74 3.24 96
R parahippocampus/amygdala 34,10,20 3.28 129
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depressed subjects showed decreased connectivity between the
precuneus/PCC and the bilateral caudate, a brain region that is
believed to be involved in motivation and reward processing. This
result may not necessarily indicate that the two results are con-
tradictory. Our results are observed in StD patients, while the
Bluhm et al. study was applied to depression patients. In addition,
the DMN is more notable at the MPFC in our study, the Bluhm et al.
study used precunus/PCC as seed. The two sub-DMN networks may
be associated with different functions (Ho et al., 2014; Li et al.,
2013). Thus, we speculate that the difference may represent
different neuropathologies at different stages of depression.
Nevertheless, both studies demonstrated deﬁcits in functional
connectivity between the DMN and reward system.
We observed different DMN FC changes between the two co-
horts of patients. This result suggests that DMN FC changes in StD
patients may vary at different ages. We speculate this difference
may reﬂect different reward processes associated with young and
middle-aged StD patients (Kerestes et al., 2014). For instance, in a
previous study (Jimura et al., 2011), Jimura and colleagues found
that discounting rates for different types of reward varied between
younger and older individuals.
In a previous study, investigators (Bukh et al., 2011) comparedthe clinical presentation of early-onset adult depression (18e30
years) with late-onset adult depression (31e70 years). They found
that early-onset depression in patients was associated with higher
prevalence of co-morbid personality disorders, higher levels of
neuroticism, and a lower prevalence of stressful life events pre-
ceding onset compared to patients with lateeonset depression.
Although the exact cause of the early-onset and late-onset
depression remains unknown, investigators (Sneed and Culang-
Reinlieb, 2011; Taylor et al., 2013) believe that cerebrovascular
disease causes focal vascular damage and white matter lesion lo-
cations may be an underlying cause of late-onset depression. In our
study, the average age of the middle-age groupwas 49, and we thus
speculate that potential cerebrovascular disease in the middle-age
group may also contribute to the difference between the two StD
groups.
In addition, the average HAMD score in the middle-aged group
is higher than that of young group, and the gender ratio in the two
cohorts of patients is also different. These factors may contribute to
the difference we observed. Future research should focus on the
source of these variable FC changes in StD patients with different
age ranges.
In our study, we found signiﬁcant FC changes between the DMN
and the dorsal lateral prefrontal cortex, orbitopreforntal cortex,
Fig. 3. (A) functional connectivity between the DMN and ventral striatum (VST) is signiﬁcantly associated with total CES-D score (B) functional connectivity between the DMN and
ventral striatum is signiﬁcantly associated with anhedonia factor of CES-D score (yellow color), depressive affect factor(green color), positive affect factor (blue color), and the
somatic affect factor (red color). Scatter plots indicate the signiﬁcant association between the peak/averaged z values and CES-D general score or factor scores. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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consistent with previous resting state FC studies in StD patients
(Hwang et al., 2015; Li et al., 2014b; Ma et al., 2013). In a previous
study, Ma and colleagues (Ma et al., 2013) compared regional ho-
mogeneity (ReHo) changes of late-life individuals with StD to
controls. They found that StD subjects display lower ReHo in the
right orbitofrontal cortex, left dorsolateral prefrontal cortex, left
postcentral gyrus, left middle frontal, and inferior temporal gyri, as
well as higher ReHo in the bilateral insula and right DLPFC. In
another study on the same cohort of StD patients, Li and colleagues
(Li et al., 2014b) found the StD group showed increased regional
amplitude of low-frequency ﬂuctuation (ALFF) in the anterior
portion of the dorsal ACC (adACC), which also displayed increased
FC with the dorsolateral prefrontal cortex and supplementary
motor area, and decreased FC with the anterior insula, thalamus,
and putamen. In a more recent study (Hwang et al., 2015), based on
the same data set, we found a signiﬁcant resting state FC decrease
between the DLPFC and the temporo-parietal junction (TPJ)/pre-
cuneus (the brain regions associated with the representation of self
and other mental states) and the insula in StD subjects.
We found that the subgenual ACC is positively associated with
the severity of StD as indicated by HAMD scores. This is consistent
with previous studies (Berman et al., 2011; Greicius et al., 2007),
which found that the FC between DMN and subgenual ACC is
signiﬁcantly enhanced in MDD patients. Our results extend this
previous ﬁnding by providing evidence that, in StD patients with
mild depressive symptoms, the FC between the DMN andsubgenual ACC and symptom severity are still signiﬁcantly
associated.
We found functional connectivity between the DMN and left
insula is enhanced in StD patients. The insula belongs to a salience
network, which is involved in detecting and orienting to both
external and internal salient stimuli and events (Manoliu et al.,
2013). Using the surface-based regional homogeneity (ReHo)
method (Zuo et al., 2013), Li and colleagues (Li et al., 2014a) found
that compared with healthy controls, ﬁrst episode drug-naive MDD
patients showed reduced surface-based ReHo in the left insula. In
another meta-analysis, the authors (Kuhn and Gallinat, 2013) also
found hypoactivity in depressed patients. Again, we speculated the
enhanced DMN and left insula may reﬂect self-compensation for
the lowered reward function of the left insula.
Previous studies have suggested that there are different subsets
of the default mode network (Andrews-Hanna, 2012; Andrews-
Hanna et al., 2010). Li and colleagues (Li et al., 2013) found that
after antidepressant treatment, differences in the posterior sub-
network were normalized after antidepressant treatment, while
abnormal functional connectivity persisted within the anterior
subnetwork. As a data-driven method, the DMN network identiﬁed
in our study is more anterior dominated. Future study is needed to
directly compare the subnetwork differences in StD patients.
One potential limitation of a resting state functional connec-
tivity study in the clinical population is the reliability of the ﬁnd-
ings. Previous studies have suggested that ICA and the DMN are the
most reliable functional connectivity method and network
J.W. Hwang et al. / Journal of Psychiatric Research 76 (2016) 111e120 119respectively (Zuo et al., 2010; Zuo and Xing, 2014). In addition, we
included two cohorts of patients, each with age and gender
matched controls, to explore the neuropathology of StD. We thus
believe that our ﬁndings are valid.
In summary, we investigated DMN FC changes of two cohorts of
StD patients with different age ranges. We found signiﬁcant FC
increases between the DMN and the ventral striatum in two co-
horts of StD patients compared with matched controls, and the
DMN and ventral striatum FC is also signiﬁcantly associated with
CES-D scores. We speculate that the ﬁndings may imply a self-
compensation to ameliorate the lowered reward function in StD
patients.
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